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Abstract 

The magneto-gyrotropic photogalvanic and spin-galvanic effects are observed in (OOOl)-oriented 
GaN/AlGaN heterojunctions excited by terahertz radiation. We show that free-carrier absorption 
of linearly or circularly polarized terahertz radiation in low-dimensional structures causes an electric 
photocurrent in the presence of an in-plane magnetic field. Microscopic mechanisms of these pho- 
tocurrents based on spin-related phenomena are discussed. Properties of the magneto-gyrotropic 
and spin-galvanic effects specific for hexagonal heterostructures are analyzed. 



I. INTRODUCTION 



Gallium nitride is a promising semiconductor for spintronics since long spin relaxation 
times are detected in this material 1 and, if doped with manganese, it is expected to become 
ferromagnetic with a Curie-temperature above room temperature^. Recently it has been 
shown that in GaN/AlGaN low- dimensional structures a substantial Rashba spin splitting in 
the electron band structure is present, potentially allowing spin manipulation by an external 
electric field 3 -. The Rashba spin splitting due to structural inversion asymmetry, which is 
not expected in wide-band zinc-blende-based semiconductors, is caused in GaN wurtzite 
heterostructures by a large piezoelectric effect, which yields a strong built-in electric field at 
the GaN/AlGaN (0001) interface, and a strong polarization induced doping effect^. Spin 
splitting in fe-space (k is the electron wave vector) may yield a variety of spin-dependent 
phenomena that can be observed in electronic transport and optical measurements. First 
indications of substantial spin splitting came from the observation of circular photogalvanic 
effect in GaN/AlGaN heterojunctions 3 . Investigation of the circular photogalvanic effect 
were extended to GaN quantum wells as well as to GaN-based low dimensional structures 
under uniaxial stress confirming the Rashba-type of spin splitting 6,7 . By weak-localization 
studies the magnitude of spin splitting has been obtained showing that the splitting is 
comparable to that of GaAs-based heterostructures being of the order of 0.3 meV at the 
Fermi wave vector-^*^. On the other hand measurements of Shubnikov-de Haas oscillations 
revealed a substantially larger spin splitting of about 1 meV— . 

Here we report on the observation of the magneto-gyrotropic photogalvanic effect 
(MPGE^ii 3 -^ and the spin-galvanic effecU^S 7 - in GaN/AlGaN heterostructures. Both 
effects have been detected in (OOOl)-oriented structures in a wide range of temperatures 
from technologically important room temperature to liquid helium temperature. The mi- 
croscopic origin of the spin-galvanic effect is the inherent asymmetry of spin-flip scattering 
of electrons in systems with removed spin degeneracy of the electronic bands in fc-space^ 7 -. 
The magneto-gyrotropic photogalvanic effect has so far been demonstrated in GaAs, InAs, 
and SiGe quantum wells where its microscopic origin is the zero-bias spin separations 3 -^ 
which is caused by spin-dependent scattering of electrons due to a linear-in-fc term in the 
scattering matrix elements. By the application of an external magnetic field, a pure spin 
current is converted into an electric current. 
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II. SAMPLES AND EXPERIMENTAL METHODS 



The experiments are carried out on GaNyAlo.3Gao.7N hetero junctions grown by MOCVD 
on a (OOOl)-oriented sapphire substrate with the electron mobility in the two-dimensional 
electron gas (2DEG) fi ~ 1200 cm 2 /Vs at electron density n s « 10 13 cm" 2 at room tempera- 
ture 3 -. A high power THz molecular laser, optically pumped by a TEA-CO2 laser 15 , has been 
used to deliver 100 ns pulses of linearly polarized radiation with a power of about 10 kW 
at wavelengths of A = 90.5 /iin, 148 /im and 280 /im . The radiation causes indirect optical 
transitions within the lowest size-quantized subband. The samples are irradiated along the 
growth direction. Magnetic field induced photocurrents were investigated applying both lin- 
early and circularly polarized radiation. In experiment the plane of polarization of linearly 
polarized light is rotated applying a crystal quartz A/2 plate. The circular polarization is 
obtained by means of a A/4 plate. In this case the helicity of the incident light P C i rc — sin 2ip 
can be varied from —1 (left handed circular, cr_) to +1 (right handed circular, cr+) changing 
the angle <p between the initial polarization plane and the optical axis of the A/4 plate. An 
external magnetic field B up to 1 T is applied parallel to the heteroj unction interface. To 
measure the photocurrent two pairs of ohmic contacts have been centered along opposite 
sample edges (see insets in Fig. 1). The current J, generated by the light in the unbiased 
devices, is measured via the voltage drop across a 50 Q load resistor in a closed-circuit 
configuration. The voltage is recorded with a storage oscilloscope. 

III. EXPERIMENTAL RESULTS 

Irradiating a (0001) GaN/AlGaN heterojunction by linearly polarized light at normal 
incidence, as sketched in insets of Fig. 1, we observe a photocurrent signal in both per- 
pendicular (transversal geometry, Fig. la,b) and parallel (longitudinal geometry, Fig. lc,d) 
to the magnetic field B directions. The width of the current pulses is about 100 ns which 
corresponds to the terahertz laser pulses duration. The photocurrent is proportional to the 
magnetic field strength and its sign depends on the magnetic field direction. Figures la 
and lc show the magnetic field dependence of the photocurrent for both geometries and 
for various orientation of polarization plane of linearly polarized radiation in respect to the 
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FIG. 1: Magnetic field and polarization dependences of the photocurrent J = [J{B) — J(—B)]/2 
measured at room temperature in the transversal and longitudinal geometries, a) and b) magnetic 
field dependences of the magnetic field induced photocurrent at different azimuth angles a, c) and 
d) polarization dependences for transversal and longitudinal geometries, respectively. Photocurrent 
is excited by the normally incident linearly polarized radiation with power P ~ 10 kW. Full lines 
are the fits after Eqs. Insets show the experimental geometries. 

magnetic field direction. In these figures 

J=[J(B)-J(-B)]/2 

is plotted in order to extract the magnetic field induced photocurrent from the total current 
which contains a small magnetic field independent contribution caused by the magnetic 
field independent linear photogalvanic effectr^ 1 ^. Figure la and lc demonstrate that the 
photocurrent exhibits an essentially different polarization dependence for longitudinal and 
transversal geometries. While upon the variation of the azimuth angle a the sign of the 
transversal photocurrent remains unchanged, the longitudinal current changes its direction 
by switching a from +45° to —45° at constant magnetic field. Figures lc and Id demonstrate 
the polarization dependence of the magnetic field induced photocurrent obtained at B — 1 T 
for both geometries. We find that the polarization dependence of the current J in transversal 
geometry J _L B is well fitted by J± = J x cos 2a + J 2 , and for the longitudinal geometry 
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J || B by Jii = J3 sin 2a and Ji ~ J3. Below we demonstrate that exactly these dependences 
come out from the phenomenological theory. Using two fixed polarization states in the 
transversal geometry, a = 0° and a = 90°, allows us to extract J% and J 2 - Adding and 
subtracting the currents of both polarizations the polarization-dependent contribution Ji 
and polarization-independent contribution J 2 can be obtained by 

J ± (a = 0°) - J ± (a = 90°) 
Jl " 2 ' (1) 

J ± (a = 0°) + J ± (a = 90°) 
Ja " 2 • 

Figure 2 shows the temperature dependences of J\ and J2 together with the electron density 
and mobility. It is seen that the qualitative behaviour of both contributions is similar: at 
low temperatures they are almost independent of temperature, but at high temperatures (for 
Ji at T > 100 K and for J 2 at T > 50 K) the current strength decreases with temperature 
increasing. 

In addition to the magnetic field induced photocurrent excited by linearly polarized ra- 
diation we also observed a signal in response to circularly polarized light. While in the 
transversal geometry the signal is insensitive to the switching of the radiation helicity from 
er + to er_ in the longitudinal geometry this operation results in the reversing of the current 
direction. Figure 3 shows the dependence of the photocurrent on the angle (p. These data 
can be well fitted by J11 = J4 sin 4ip + J 5 sin 2tp. The fit, also shown in Fig. 3, yields the ratio 
J4/J5 ~ 5 at room temperature. 



IV. DISCUSSION 



Polarization and magnetic field dependences as well as the the difference in the photocur- 
rent behaviour for longitudinal and transversal geometries can be obtained in the framework 
of the phenomenological theory of the MPGE which yields^ 

3a = I 2^ 0a/3 7 5-D/3 ~ V 

+ I ^ ^aff^ySffiyPdrc . (2) 

Pi 

Here j is the photocurrent density proportional to J, I the light intensity inside the het- 
erostructure, <$> the fourth-rank tensor symmetric in the last two indices, /i the third-rank 
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FIG. 2: Upper panel: Temperature dependences of the transversal magnetic field induced photocur- 
rent. Data are obtained for \B y \ = 0.6 T and an excitation at P ~ 10 kW. Photocurrents Ji(T) and 
J2(T) are obtained by subtracting and adding the currents for the two polarizations: J±(a = 0°) 
and J ± (q = 90°) (see Eq. CD). Full lines are fits of J X (T) and J 2 (T) to A ■ n s (T)/k B T, with a 
scaling parameters A, and to a constant, respectively. The lower panel shows the temperature 
dependences of the carrier density n s and the electron mobility. 

tensor, e the light polarization vector, and e a unit vector in the light propagation direc- 
tion. While the second term in the right hand side of the Eq. ([2]) requires circularly polarized 
radiation the first term may be non-zero for any, even unpolarized, radiation. 

The point-group symmetry of (OOOl)-grown GaN-based low-domensional structures is 
C% v . The symmetry analysis for the C^ v point group shows that Eq. ([2]) for normal light 
incidence reduces to 

j x = ISxBy - IS 2 B X (e x e y + e^e*) + 
+ IS 2 B y (\e x \ 2 

j y = - IS l B x + IS 2 B y (e x e* y + e^e*) + (3) 
+ IS 2 B 

Here three linearly independent constants are introduced as follows: Si )2 = ((fi X yxx± ( f ) xyyy)/'2, 
and \i = \i xxz . Note that Eqs. ([3]) are also valid for the C 6v symmetry of bulk hexagonal 
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FIG. 3: Magnetic field induced photocurrent J as a function of the phase angle <p defining the 
radiation helicity. The photocurrent signal is measured at room temperature in the longitudinal 
geometry J \\ B under normal incidence of the radiation with P ~ 10 kW. The full line is the fit 
after the second equation of Eqs. ©. 

GaN and even for uniaxial systems of the symmetry. The form of these equations is 
invariant under a transfer from a given coordinate frame (x, y) to another one obtained by 
the rotation around the z axis by any azimuth angle. The fact that the photocurrents in 
both directions are described by only three coefficients (Si, S2, and fi) is in contrast to the 
MPGE in systems of the G% v symmetry^, where in the similar equations all coefficients in 
the eight terms in the right hand sides of Eqs. ([3]) are linearly independent. 

Equations ([3]) can be directly applied to describe polarization dependences in longitudinal 
and transversal geometries. For the geometry used in our experiment where the counter- 
clockwise azimuth angle a between the x axis and the unit vector of linear polarization is 

1 2 1 2 

varied, the polarization-dependent factors in Eqs. (J3J) can be written as \e x \ —\e y \ = cos 2a, 
e^e* + e y e* x = sin 2a and P C i rc = 0. According to Eqs. (j3J) for a fixed direction of the magnetic 
field, say B \\ y, the photocurrent in response to the linearly polarized radiation is given by 



j x = I B y (Si + 5*2 cos 2a) , 



(4) 
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h 



IByS-i sin 2a . 



Fits of experimental data to these equations are shown in Figs, lc and Id demonstrating a 
good agreement with the theory. We emphasize i) the presence of a substantial contribution 
of the polarization-independent first term on the right hand side of the Eq. (j3J) to the current 
j x and ii) the equal amplitudes of the a-dependent contributions for both transversal and 
longitudinal geometries. 

For elliptically polarized light obtained in experiments by varying the angle (p between 
the initial polarization plane and the optical axis of the A/4 plate the polarization dependent 
terms are described by: |e x | 2 — \e y \ 2 = (l+cos4<£>)/2, e x e*+e y e* = sin4<£>/2 and P C i rc = sin2<£>. 
Thus for magnetic field applied along y, Eqs. ([3]) take the form 



These equations show that the contribution to the magnetic-field induced photocurrent is 
expected from the last term in the right hand side of the second equation described by the 
coefficient /i. Fit of our data by Eqs. ([5]) presented in Fig. 3 demonstrates a good agreement 
between the experiment and the theory. Furthermore, as an essential result, it follows from 
Fig. 3 that the current proportional to the radiation helicity and described by the coefficient 
fi is clearly measurable. At excitation by circularly polarized radiation the term containing 
S2 vanishes and the current which remains is that due to the term with /i only. It changes 
it sign by switching from a + to cr_ as observed in experiment. 

Microscopically the magnetic field induced photocurrent proportional to the radiation he- 
licity P C i rc is caused by the spin-galvanic effect previously reported for GaAs- and InAs-based 
two-dimensional structures^. The effect is due to the optical orientation of carriers followed 
by the Larmor precession of the oriented electronic spins in the magnetic field and asym- 
metric spin relaxation processes (for details see Refs.— >i&i£). Though, in general, the spin- 
galvanic current does not require the application of a magnetic field, it may be considered 
as a magneto-photogalvanic effect under the above experimental conditions. The photocur- 
rent described by the coefficient 5*2, as well as by Si, is caused by the magneto-gyrotropic 
photogalvanic effecir^^M The microscopic mechanism of the MPGE in low- dimensional 
structures has been developed most recently to describe this effect in GaAs-, InAs- and 




(5) 
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SiGe-based structures". It has been shown that free carrier absorption of THz radiation 
results in a pure spin current and corresponding spin separation achieved by spin-dependent 
scattering of electrons in gyrotropic media. The pure spin current in these experiments was 
converted into an electric current by application of a magnetic field which polarizes spins 
due to the Zeeman effect. The key experiment supporting this microscopic mechanism is 
investigation of the temperature dependence of the photocurrent: the photocurrent due to 
zero-bias spin separation should be constant at low temperatures and should behave as the 
ratio n s (T)/fc^T at high temperatures' 1 '. Figure 2 shows that the temperature depen- 
dences of J\ and J2 contributions indeed can be well fitted by constant factors in the low 
temperature range and vary as n s (T)//csT at high temperatures. Furthermore in the range 
50-100 K where the mobility is almost constant the magnitude of J\ changes rapidly showing 
that J and fi are not correlated. The temperature behaviour of the photocurrent demon- 
strates the applicability of the discussed above model to the MPGE photocurrent observed 
in GaN/AlGaN heterojunctions. We note, however, that the influence of the magnetic field 
on electron scattering' 1 ' may also result in a photocurrent yielding an additional contri- 
bution to the MPGE 20 . Since the microscopic origin of both contributions is different the 
relative role of them can be clarified by additional experiments, e.g. by the variation of 
g-factor in Mn doped nitride low- dimensional structures. 



V. CONCLUSION 



In summary, we demonstrated that the presence of a substantial gyrotropy in 
GaN/AlGaN heterostructures gives a root to the spin-galvanic effect and the magneto- 
gyrotropic photogalvanic effect. We note that in our GaN heterojunctions the MPGE and 
spin-galvanic current contributions have the same order of magnitude. Both effects have 
been proved to be an effective tool for investigation of nonequilibrium processes, in-plane 
symmetry and inversion asymmetry of heterostructures, electron momentum and spin re- 
laxation etc. and, therefore, may be used for investigation of this novel material attractive 
for spintronics. 
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